Numerous reports have described diagnostic methods based on the polymerase chain reaction (PCR) used to detect Mycobacterium avium subsp. paratuberculosis, the causative agent of Johne's disease. The result of conventional PCR tests has been only qualitative, either positive or negative; it does not present any quantitative information about the number of the agents in the specimen. A quantitative PCR method (IS900 TaqMan) was developed to measure the number of M. a. paratuberculosis organisms present in field and clinical samples. The sensitivity of IS900 TaqMan was 1 colony-forming unit (CFU) for M. a. paratuberculosis ATCC 19698. The specificity of the method was determined by testing 14 mycobacterial species (M. abscessus, M. asiaticum, M. avium subsp. avium, M. bovis, M. fortuitum subsp. fortuitum, M. intracellulare, M. kansasii, M. marinum, M. phlei, M. scrofulaceum, M. simiae, M. smegmatis, M. terrae, and M. ulcerans) and 9 nonmycobacterial species (Borrelia burgdorferi, Chlamydia psittaci, Ehrlichia canis, E. equi, E. risticii, Escherichia coli, E. coli O157:H7, Streptococcus equi, and S. zooepidemicus). Even at high cell numbers (10 5 CFU/reaction), most of the organisms tested negative for the IS900 insertion element except M. marinum and M. scrofulaceum. This finding for M. scrofulaceum was consistent with previous reports that several M. scrofulaceum-like isolates were positive for IS900. Those isolates had 71-79% homology with M. a. paratuberculosis in the region of IS900. When used in conjunction with the new liquid medium-based ESP culture system II for bovine clinical fecal samples, IS900 TaqMan confirmed that the ESP II-positive samples contained 10 5 -10 6 CFU/ml of M. a. paratuberculosis. All of the 222 ESP II-positive and acid-fast bacilli-positive samples tested in this study were positive by IS900 TaqMan. IS900 TaqMan was also useful in the study of growth characteristics of 3 groups of M. a. paratuberculosis strains in bovine fecal samples from 3 shedding levels (heavy, medium, and low) based on cell numbers measured by Herrold egg yolk (HEY) agar culture. When cultured in ESP medium, M.
Johne's disease was first reported by H. A Johne and L. Frothingham in 1895 as an assessment of cattle enteritis and the acid-fast microorganisms in the intestinal mucosa. 3 Paratuberculosis affects domestic and wild animals, including cattle, sheep, goats, deer, bison, camels, and other ruminants. 1, 3, 6 However, the detection of M. avium subsp. paratuberculosis, the agent of Johne's disease, has been extremely difficult because of slow growth and fastidious nutritional requirements. The current standard culture method may require up to 4 months before visible colonies are de-tectable on solid medium. 3, 24 The development of rapid, sensitive, and specific diagnostic methods for the detection of M. a. paratuberculosis is essential in the control of Johne's disease in economically important farm animals.
Since the complete sequence of an isolate from a Crohn's disease patient was reported in 1989, IS900 has been used extensively as a specific and sensitive DNA marker for identification and characterization of M. a. paratuberculosis from other mycobacterial species. 1, 2, 4, 6, 11, 13, 15, 19, 21, 23, 24 IS900, an insertion element 1,451 base pairs in length, encodes a 399-amino acid putative transposase (p43) on 1 strand and an open reading frame for a possible transport protein on the complementary strand. 2, 11 Mycobacterium a. paratuberculosis carries 14-18 copies of IS900 per genome 2 ; thus, targeting IS900 is more sensitive than targeting a single-copy marker. A polymerase chain reaction (PCR) method in conjunction with Southern hybridization was used to detect 10 2 organisms. 24 Hybridization capture PCR, a nucleic acid sequence capture method, was used to detect 5,000 organisms per 200mg fecal sample. 13 DNA fingerprinting techniques based on IS900 were used to characterize M. a. paratuberculosis strains. 1 Coupling agar culture enrichment with PCR greatly improves turnaround time and sensitivity. 21 Recently, a quantitative PCR (qPCR) assay has been developed to determine the initial template concentration by monitoring the real-time progress of the PCR. 7, 14 The TaqMan system detects PCR products using the 5Ј nuclease activity of Taq DNA polymerase on fluorogenic DNA probes during each extension cycle. The TaqMan probe is labeled with a fluorescent reporter dye at the 5Ј end and a fluorescent quencher dye at the 3Ј end. When the probe is intact, the quencher dye reduces the emission intensity of the reporter dye. If the target sequence is present, the probe anneals to the target and is cleaved by the 5Ј nuclease activity of Taq DNA polymerase as the primer extension proceeds. As the cleavage of the probe separates the reporter dye from the quencher dye, the reporter dye fluorescence increases as a function of cycle number. Threshold cycle (C T ) is defined as the cycle number at which the reporter fluorescence passes a fixed threshold above baseline. The greater the initial concentration of the target DNA, the sooner a significant increase in fluorescence is observed. Using the standard curve generated with a target DNA sequence of known copy number, the starting amount of target DNA in unknown samples can be determined. Quantitative PCR has several advantages over the conventional end-point PCR: qPCR increases the specificity by including an internal hybridization probe, reduces crosscontamination by including UNG (dUTP N-glycosylase) and eliminating post-PCR processing, determines the starting concentration of target sequence in the sample, and is less sensitive to PCR inhibitors. 14, 20, 26 In this report, the development of a qPCR assay (IS900 TaqMan) specific for M. a. paratuberculosis and its application to the study of M. a. paratuberculosis in conjunction with the ESP culture system II are described.
Materials and methods
Microorganisms and culture. Mycobacterial species employed in the study are presented in Table 1 . Nonmycobacterial species employed in the study were Borrelia burgdorferi, Chlamydia psittaci, Ehrlichia canis, E. equi, E. risticii, Escherichia coli, E. coli O157:H7, Streptococcus equi, and S. zooepidemicus. All bacterial cells were grown at individual optimum temperature on appropriate media.
Preparation of standard cell suspension. Mycobacterial cells grown on Herrold's egg yolk (HEY) medium were suspended in phosphate-buffered saline (PBS) by vortexing with glass beads (4 mm diameter) for 5 min. After incubation for 10 min on ice, the upper layer of the suspension was carefully transferred to a new tube and vortexed with glass beads for 5 min. After a 10-min incubation on ice, the suspension was checked by microscopy to determine whether clumps were present. A clump-free cell suspension equal to 1.0 MacFarland unit was prepared. The cell number was measured by direct counting using a counting chamber and confirmed by colony counting on HEY medium.
Culture by ESP Culture System II. Each culture bottle containing 11.5 ml of modified Middlebrook 7H9 was supplemented with 1 ml of egg yolk (50% in PBS), 1 ml of Middlebrook OADC enrichment, 60 l of Mycobactin J (0.5 mg/ml), and 150 l of antibiotic mixture VAN (vancomycin, amphotericin B, nalidixic acid, 5 mg/ml, respectively). Each fecal sample was processed by the double incubation method. 22 Two grams of each homogenized fecal sample was thoroughly mixed in 35 ml of sterile distilled water. The suspension was allowed to stand for 30 min at room temperature. From the upper portion of the supernatant, 5 ml was transferred and mixed with 25 ml of half-strength brainheart infusion broth (BHI) containing 0.9% hexadecypyrimidinium chloride. The fecal sample was incubated overnight at 37 C. The sample was harvested by centrifugation at 3,000 ϫ g for 20 min. The pellet was resuspended in 1 ml of half-strength BHI containing VAN and incubated over- TGACG GTTAC GGAGG TGGTT ATGCA GTAAT GGTCG GCCTT AATGA CGGTT ACGGA GGTGG T GCAGT AATGG TCGGC CTTAC C CCGCT AATTG AGAGA TGCGA TTGG AATCA ACTCC AGCAG CGCGG CCTCG
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this study this study night at 37 C. Finally, 1 ml of each processed sample was added to a culture bottle, resulting in a final concentration of 50 g/ml of VAN. Incubation continued until a positive signal was detected by ESP II a or for a maximum of 8 wk. DNA preparation. After vortexing for 1 min to release mycobacterial cells from sponges in the ESP II culture bottle, 500 l of suspension was transferred to a microcentrifuge tube, and 1 ml of PBS was added. The culture suspension was centrifuged for 10 min at 16,000 ϫ g, and the supernatant was discarded. DNA was isolated from the pellet using a commercial kit b according to the manufacturer's protocol. The cell pellet was suspended in 180 l of buffer ATL by repeated pipetting. The suspension was incubated with proteinase K (2 mg/ml) at 55 C for 1 hr or until the cell suspension was completely lysed. With 200 ul of buffer AL added, the lysate was incubated at 70 C for 10 min to inactivate proteinase K. With 200 l of ethanol added, the entire mixture was loaded on a DNeasy mini column and centrifuged for 1 min at 6,000 ϫ g. The column was washed once with buffers AW1 and AW2, respectively, and DNA was eluted 2 times each with 200 l buffer AE.
Conventional PCR. PCR was performed using the primers previously described. 23 DNA sample (5 l) was added to 45 l of reaction mixture containing 20 mM Tris HCl (pH 8.4), 50 mM KCl, 3.0 mM MgCl 2 , 200 M each deoxynucleoside triphosphate (dNTP), 0.8 M each primer, 1.25% dimethyl sulfoxide, and 1.25 U of Taq DNA polymerase. PCR amplifications were performed with the following conditions: 1 cycle of denaturation at 94 C for 2.5 min, 35 cycles of denaturation at 94 C for 30 sec, annealing at 60 C for 45 sec, and extension at 72 C for 30 sec, and 1 cycle of final extension at 72 C for 10 min in a thermalcycler. c PCR products were analyzed by electrophoresis on 2% (w/v) agarose gels stained with ethidium bromide.
Quantitative PCR. The primers and probes were designed for use with a qPCR system d to detect the IS900 sequence specific for M. a. paratuberculosis ( Table 2 ). The internal probes were labeled with the fluorescent reporter dye 5-carboxyfluoroscein (FAM) on the 5Ј end and the quencher dye NЈ,NЈ,NЈ,NЈ-tetramethyl-6-carboxyrhodamine (TAMRA) on the 3Ј end. The PCR mixture consisted of 300 nM primers, 50 nM TaqMan probe, 200 nM each of dATP, dCTP, and dGTP, 400 nM dUTP, 3.5 mM MgCl 2 , 0.025 U/l AmpliTaq Gold, 0.01 U/l AmpErase UNG, and 1ϫ TaqMan buffer A.
Amplification and detection were performed on the ABI 7700 system d with the following profile: 1 cycle of 50 C for 2 min, 1 cycle of 95 C for 10 min, and 40 cycles of 94 C for 25 sec and 66 C for 1 min. Quantitation of the amount of target in unknown samples was accomplished by measuring C T and using a standard curve prepared with a series of known quantity of the target sequence, where C T is the cycle number at which the copy of the amplified target sequence passes the threshold or base line.
Growth study of M. avium subsp. paratuberculosis. Based on previous counts by HEY culture, a total of 9 representative fecal samples, which were stored at Ϫ70 C, were selected, 3 from each shedding level: heavy (Ͼ300 colonyforming units [CFU]/0.1 g of feces), medium (31-300 CFU/ 0.1 g of feces), and low (1-30 CFU/0.1 g of feces). The fecal samples were processed for ESP II culture as previously described. From each vial, 0.5 ml of culture material was taken 2 times each week for 6 wk and processed for DNA isolation. The cell numbers were determined using a standard curve generated by the ABI Prism 7700 Sequence Detection System. d
Results
Automated quantification by IS900 TaqMan. A qPCR method was developed for M. a. paratuberculosis. A known amount of M. a. paratuberculosis ATCC 19698 genomic DNA, from 10 to 1,000,000 molecules per reaction, resulted in C T values ranging from 17 to 32. All standard curves were linear over 6 orders of magnitude, with a correlation coefficient of 0.998 ( Fig. 1) . Initially, 2 internal probes and 3 sets of primers were designed in the 5Ј region of IS900. Preliminary results indicated that use of probe P2 with primers F2/R2 and F3/R3 was more specific than use of probe P1 with primers F1/R1. Primers F3/R3 were previously reported as IS900/150C and IS900/921 24 and since have been used extensively by many investigators. 1, 5, 13, 18 Sensitivity and specificity of qPCR. The sensitivity of IS900 TaqMan was assessed in parallel with a conventional IS900 PCR protocol; serial dilutions of the standard genomic DNA were used as templates. The detection limit of IS900 TaqMan was 1 CFU/reaction, whereas that of the conventional PCR was 10 3 CFU/ reaction. IS900 TaqMan could also be used to discriminate all mycobacterial species and nonmycobacterial species tested in this study. However, IS900 TaqMan produced an IS900 signal with 2 mycobacterial species, M. marinum and M. scrofulaceum Type strains, when the cell number was greater than 10 5 CFU/reaction (Table 3 ). In contrast, M. a. avium and M. intracellulare, genetically the most closely related mycobacterial species, 9,10,25 did not generate any background signals by IS900 TaqMan.
Use as a confirmation step in ESP II. The first application of IS900 TaqMan was to confirm the pres- Table 4 ). Regardless of shedding level, ESP II detected mycobacteria at densities Ͼ10 5 CFU/ml: 10 6 -10 7 CFU/ml for heavy shedders and 10 5 -10 6 CFU/ ml for medium and low shedders. Mean days to detection varied depending on the shedding level: 14 days for heavy shedders, 21 days for medium, and 38 days for low. Days to detection were correlated with the initial size of the M. a. paratuberculosis inoculum in the samples. The higher the number of organisms in a sample, the faster they were detected.
Growth study of M. a. paratuberculosis. Growth curves of M. a. paratuberculosis field strains in bovine fecal samples were prepared using IS900 TaqMan (Fig. 2) . Generation times determined from the growth curves ranged from Ͻ1 day to Ͼ7 days. In moderate and high shedders, M. a. paratuberculosis entered the phase of exponential growth with a generation time of 1-2 days. However, the cells in low shedders grew slowly, with a generation time of Ͼ5 days; 1 of the low shedders (1 CFU by HEY culture) did not grow at all for a period of 4 weeks. The results were in agreement with those of a previous study 12 in spite of different culture methods and strains. Generation times of M. a. paratuberculosis determined from growth curves by a radiometric method were 1.3-4.4 days, depending on the inoculum size (10 5.5 -10 1.5 CFU), and were inversely proportional to the number of organisms in the inoculum. 12 The investigators speculated that development of clumping or microcolonies may accelerate growth when a large number of M. a. paratuberculosis organisms are present.
Discussion
A novel qPCR system, IS900 TaqMan, was developed for the detection of M. a. paratuberculosis using the ABI 7700 DNA Sequence Detection System. IS900 TaqMan measures the amount of target IS900 DNA produced during each cycle of an amplification reaction in a real-time format. Thus, the system is able to quantify the starting amount of target DNA in contrast to the conventional PCR, which measures only the end-point values with qualitative results. IS900 TaqMan was 100-1,000 times more sensitive than the conventional PCR, with a detection limit of 1 CFU/ reaction. IS900 TaqMan assay was also specific for M. a. paratuberculosis, discriminating most of mycobacterial species and nonmycobacterial species employed in this study. However, when the cell density was Ͼ10 5 CFU/reaction IS900 TaqMan detected M. marinum and M. scrofulaceum. The finding with M. scrofulaceum was consistent with a recent report of some IS900 PCR-positive M. scrofulaceum-like isolates, which have 71-79% DNA sequence homology with the IS900 region of M. a. paratuberculosis. 5 However, M. marinum and M. scrofulaceum can be easily differentiated by their acid-fast-stained morphology; these rods are much longer than M. a. paratuberculosis. IS900 TaqMan can also easily discriminate among the 3 species because of its high sensitivity for M. a. paratuberculosis and low sensitivity for M. marinum and M. scrofulaceum, with a detection limit of 10 5 CFU/ reaction. Thus, the quantification data generated by IS900 TaqMan can eliminate nonspecific positive signals from other mycobacterial species, including M. marinum and M. scrofulaceum.
When IS900 TaqMan was employed as a confirmation tool in a new liquid-based culture system ESP II, all specimens positive by ESP II turned out to contain at least 10 5 CFU/ml of M. a. paratuberculosis. Thus, M. a. paratuberculosis in the specimens can be confirmed by IS900 TaqMan by a positive signal and by the level of cell density. When coupled with a liquid culture system, the IS900 TaqMan assay can be used to determine whether actual cell divisions have taken place. Obviously, only viable cells can increase the numbers of their genome copies over an incubation period. In contrast to the conventional PCR, which can only produce qualitative results, the use of IS900 TaqMan enables monitoring of the viability of M. a. paratuberculosis by measuring changes in the number of the genomes during a period of incubation. The quantification ability of IS900 TaqMan will be a useful tool in studies to determine the presence of viable M. a. paratuberculosis in specimens when coupled with a liquid culture system. A British research group conducted a survey of the incidence of M. a. paratuberculosis in whole pasteurized cow's milk in England and Wales by conventional IS900 PCR. 17 Although 22 of 312 (7%) samples were positive by PCR, the investigators were not able to determine whether the PCR signal was due to free target DNA, dead cells, or viable cells. The IS900 TaqMan can be a useful tool for addressing the issue of viable M. a. paratuberculosis in food and clinical samples when coupled with a liquid culture system. IS900 TaqMan was also useful for a growth study of M. a. paratuberculosis, compared with a conventional colony-counting method. The study revealed a shorter generation time (1-2 days) for medium and heavy shedders in contrast to a longer generation time (Ͼ4 days) for low shedders.
The time required for detection by ESP II appears to be influenced by inoculum size and by growth rate. However, further investigations with defined field and type strains are needed to better understand the growth kinetics of M. a. paratuberculosis.
